Purpose We compared dosimetry and clinical toxicity for 3-dimensional conformal radiotherapy (3D-crt), intensity-modulated radiotherapy (imrt), and RapidArc (Varian Medical Systems, Palo Alto, CA, U.S.A.) in locally advanced pancreatic cancer (lapcc). We hypothesized that the technique with better sparing of organs at risk (oars) and better target dose distributions could lead to decreased clinical toxicity.
INTRODUCTION
Pancreatic cancer (pcc) is the 4th leading cause of cancerrelated death in developed countries 1 . Despite considerable advancements in surgical, chemotherapeutic, and radiotherapeutic treatment modalities, the overall 5-year survival in this disease remains approximately 5% 1 . In locally advanced pcc (lapcc), median survival ranges from 8 months to 12 months 2 .
Systemic chemotherapy is a standard of care in the management of lapcc, but some controversy surrounds the role of radiation therapy (rt) in the treatment of lapcc 3 . The radiation dose to the tumour is largely limited by the tolerances of the nearby critical and sensitive organs, especially the duodenum, small bowel, and kidneys. However, in modern rt techniques, the ability to spare adjacent organs at risk (oars) while delivering a therapeutic dose to the target has improved 4 . The improvements might not only lead to reduced treatment toxicity, but also to improved local control.
Three-dimensional conformal radiotherapy (3D-crt) has superior dose distribution and normal-tissue sparing, which could offer a chance of long survival for some lapcc patients when combined with chemotherapy 5 . A few studies have shown that, compared with 3D-crt for pcc, intensitymodulated radiotherapy (imrt) might improve tolerability by lowering the dose to critical organs 6, 7 . And compared with imrt 8 or 3D-crt 9 for pcc, RapidArc (Varian Medical Systems, Palo Alto, CA, U.S.A.) was previously shown to be able to improve normal-tissue sparing while maintaining adequate target coverage.
In the present study, we performed a dosimetric comparison of 3D-crt, imrt, and RapidArc for the treatment of lapcc to identify the technique that would be more effective in maintaining target coverage and minimizing dose to critical structures, with a special focus on preservation of duodenum, small bowel, and kidneys. Furthermore, we compared clinical toxicity with 3D-crt, imrt, and RapidArc to identify the technique that would be more effective in reducing acute gastrointestinal (gi) toxicity. We hypothesized that the technique with better sparing of oars and better target dose distributions might lead to less clinical toxicity.
METHODS

Patients
Between October 2012 and July 2014 at Shandong Cancer Hospital, 280 patients with inoperable lapcc were accrued to our study. The dosimetry comparison was performed for 20 of those patients. The clinical toxicity comparison was performed using all 280 patients. The study protocol was approved by the Medical Ethics Committee of the Shandong Cancer Hospital and Institute.
Dosimetric Comparison
Target and normal-tissue definitions accorded with reports 50 and 62 from the International Commission on Radiation Units and Measurements 10, 11 . The internal gross tumour volume included the gross tumour and any lymph node metastasis, based on 4-dimensional computed tomography (4D-ct). This internal gross tumour volume was uniformly expanded with 5 mm margins and was then manually modified to respect anatomic boundaries, thus creating the clinical target volume (ctv). The ctv was then expanded with 5-10 mm margins to create the planning target volume (ptv) 9 . The "small-bowel region" contour included the abdominal contents after subtracting the ptv, the duodenum, other oars, the vertebral bodies, and the retroperitoneal space 12 .
Three sets of plans-3D-crt, imrt, and RapidArcwere all designed on the same Eclipse treatment planning system (version 8.6.23: Varian Medical Systems). Calculations were performed using the analytical anisotropic algorithm (version 8.9.17: Varian Medical Systems) with a grid of 2.5 mm. All gantry angles and radiation fields were confirmed by the relationships of the ptvs and oars in various situations. We applied the 4-field technique in the 3D-crt plans and the 5-field step-and-shoot technique in the imrt plans. The RapidArc plans used two simultaneously optimized volumetric arcs. In the RapidArc plans, rotation of the collimator was 10 degrees for the first arc and 350 degrees for the second arc. No couch rotations or avoidance sectors were used. All three sets of plans used 6 MV photons and were designed by the same experienced physicist. The Compass dosimetric system (version 2.0.7.0: IBA Dosimetry, Beijing, P.R.C.) was used to verify all imrt and RapidArc plans. Once reasonable plans were attained, they were reviewed and approved by an attending radiation oncologist who specializes in gi malignancies.
These target coverage goals were used: minimum dose to the ptv of at least 95% of the prescription dose, and maximum dose to the ptv of 110% of the prescription dose. The oars included duodenum, small bowel, kidneys, liver, spinal cord, and stomach. 16 . The conformal index ranged from 0 to 1. The homogeneity index ranged from infinity to 1. The closer the value approached to 1, the better 17 . The treatment delivery time is the time recorded from beam-on for the first field to beam-off for the last field. The dose and volume parameters for the ptv and oars were appropriately defined and used for comparison.
Clinical Toxicity Comparison
The main endpoint was acute gi toxicity. Information about toxicities was collected from a review of weekly physician undertreatment notes. Data on the incidence and grade of gi toxicities were collected from the start of radiotherapy until 1 month after treatment completion. Toxicities were graded using the U.S. National Cancer Institute's Common Terminology Criteria for Adverse Events (version 4.0), and the incidences of grades 3 and 4 acute gi toxicities were evaluated with consideration for the risk factors of sex, Chemotherapy was never concurrent with rt. At the discretion of the treating medical oncologist, patients received further treatment with gemcitabine after rt completion. Simulation was performed using 3D-ct in 196 patients and 4D-ct in the others. When 4D-ct simulation was used, an internal target volume was created to account for respiratory motion in 3 dimensions. When 3D-ct simulation was used, a 0.5-1 cm expansion of the gross tumour volume was used to set the ctv margin. The ctv or the internal target volume-to-ptv expansion accounted for tumour location, tumour diameter, respiratory movement, penumbra, and so on. The ptv margin was a 5-10 mm expansion of the ctv or internal target volume, but was individualized for each patient.
Statistical Analyses
To appraise the differences between the techniques, the paired two-tailed Student t-test was applied. All variables were entered into the multivariate analyses, which used a forward stepwise logistic regression model. Univariate analyses were performed using the Fisher exact test. A p value less than 0.05 was considered statistically significant. All analyses were performing using the SPSS Statistics software for Windows (version 17.0: SPSS, Chicago, IL, U.S.A.).
RESULTS
Table ii reports the parameters of dose-volume histograms, with mean ± standard deviation for the ptv, and homogeneity index, conformal index, monitor units (mus), and delivery time. Table iii shows the mean ± standard deviation for each oar parameter considered. Figure 1 shows, for one representative comparison, the dose distributions in the axial, sagittal, and coronal views for the three rt techniques.
Target Coverage, Homogeneity Index, and Conformity Index
All plans had excellent coverage of the ptv, with 99% or more of the ptv receiving 95% or more of the prescribed dose. The V 95% of ptv was lower for 3D-crt (99.69% ± 0.41%) than for imrt (99.96% ± 0.04%, p = 0.046) or RapidArc (99.97% ± 0.04%, p = 0.046). We observed a significant difference in V 110% between RapidArc and 3D-crt (p = 0.001) and between imrt and 3D-crt (p = 0.001). The conformal index of RapidArc was significantly better than those of 3D-crt (p = 0.001) and imrt (p = 0.036). The homogeneity index was better for imrt (1.07 ± 0.01, p = 0.001) and for RapidArc (1.05 ± 0.01, p < 0.001) than for 3D-crt (1.09 ± 0.01).
MUs and Delivery Time
Mean mus were 290.4 ± 18.9 for 3D-crt, 630.0 ± 62.1 for imrt, and 565.1 ± 76.1 for RapidArc. The mus were thus significantly fewer with 3D-crt than with imrt (p < 0.001) or Rapid Arc (p = 0.028). Treatment delivery time was significant higher with imrt than with 3D-crt (p < 0.001) or RapidArc (p < 0.001). Delivery time was shorter with 3D-crt than RapidArc, but the difference was nonsignificant (p = 0.095).
OARs
For duodenum, the planning constraint of V 45 less than 33% was met in 90%, 100%, and 100% of cases with 3D-crt, imrt, and RapidArc respectively. Mean dose was lower with RapidArc than with 3D-crt (p < 0.0001) or imrt (p = 0.034). The mean dose to duodenum was lower with imrt than with 3D-crt (p = 0.006). With respect to V 10 and V 20 , volumes were higher with 3D-crt than with imrt (p = 0.012 and p = 0.001 respectively) or with RapidArc (p = 0.003 and p = 0.002 respectively). For the highdose region, V 35 was highest with 3D-crt and lowest with RapidArc, with the p value of the paired t-test evaluating the difference between the two techniques being 0.007. For the V 45 , the volume was lower with RapidArc than with 3D-crt, but no difference between RapidArc and imrt (p = 0.078) or between 3D-crt and imrt (p = 0.321) was By paired t-test analysis. 3D-CRT = 3-dimensional conformal radiotherapy; IMRT = intensity-modulated radiotherapy; V x% = volume receiving x% or more of the prescribed dose; D max = maximum dose to the organ; D mean = mean dose to the organ. found. We observed no significant differences between the three techniques for the V 50 .
For small bowel, the planning constraints of V 45 less than 15% and V 50 less than 5% were met in all plans. The mean dose to small bowel was significantly lower with RapidArc (7.28 ± 2.59 Gy) than with 3D-crt (9.76 ± 3.97 Gy, p = 0.007) or imrt (8.76 ± 2.79 Gy, p = 0.012). Compared with 3D-crt, RapidArc significantly decreased the volume re- By paired t-test analysis. V x = volume of the organ at risk receiving a dose greater than x Gy; D mean = mean dose to the organ; D max = maximum dose to the organ. ceiving 30 Gy (p = 0.004). With respect to the V 45 , the volume was higher with RapidArc than with imrt or 3D-crt, but no statistical significance was observed (p = 0.203 and p = 0.158 respectively).
All plans were able to keep the V 20 for the bilateral kidneys to less than 50%. Compared with 3D-crt and imrt, Rapid Arc offered a lower V 15 and V 20 for the left kidney, although the differences were not statistically significant. The mean dose to left kidney was highest with RapidArc and lowest with imrt, but the difference was nonsignificant (p = 0.348). However, compared with 3D-crt (p = 0.042) and imrt (p = 0.039), RapidArc was superior in terms of mean dose to the right kidney. The V 15 and V 20 for the right kidney were both significantly lower with RapidArc than with 3D-crt (p =0.043 and p = 0.047). Additionally, compared with imrt, RapidArc allowed for significant reductions in the V 20 (p = 0.035).
In only 1 patient could 3D-crt not meet the required constraint for stomach. In the present study, we found no significant differences between the three techniques for V 45 of stomach, and yet, compared with 3D-crt, reductions in the V 30 and mean dose were achieved with imrt (p = 0.040 and p = 0.043 respectively). All plans were able to keep the V 30 for liver to less than 33%, and using the three techniques, we observed no significant differences in the V 30 . However, the mean doses using each technique were significantly different, being highest for 3D-crt (4.05 ± 4.06 Gy) and lowest for RapidArc (3.45 ± 3.59 Gy); the p values from the paired t-test evaluating the differences were 0.004 for imrt compared with 3D-crt, 0.005 for 3D-crt compared with RapidArc, and 0.047 for imrt compared with RapidArc. For spinal cord, the maximum dose was lower with RapidArc than with 3D-crt (p = 0.01). All plans were able to keep the maximum dose below 45 Gy.
Acute GI Toxicity
The study cohort included 169 men and 111 women with a median age of 58 years (range: 27-76 years). Median ptv in the cohort was 184.83 cm 3 (range: 133.79-241.85 cm 3 ), and median V 45 of bowel was 41.37 cm 3 (range: 20.02-59.41 cm 3 ). Within 1 month after rt, 134 of the patients received gemcitabinebased chemotherapy; the remaining 146 did not.
On univariate analysis, age, performance status, ptv volume, V 45 of bowel, and gemcitabine-based chemotherapy at 1 month post-rt were not statistically associated with the incidence of grades 3 and 4 acute gi toxicity. Radiation technique was, however, significantly associated with the incidence of grades 3 and4 acute gi toxicity ( Table iv) . The overall incidence of severe (grades 3 and 4) acute gi toxicity was low in patients treated by the RapidArc technique (Table v). Within the entire cohort of patients, the incidences of grades 3 and 4 diarrhea (p = 0.037) and anorexia (p = 0.042) were significantly reduced with the use of RapidArc compared with 3D-crt. The incidence of grades 3and 4 diarrhea were also significantly reduced (p = 0.027) with the use of RapidArc compared with imrt. No significant differences between 3D-crt and imrt were observed.
DISCUSSION
Our study investigated dosimetry differences in three plans-3D-crt, imrt, and RapidArc-for lapcc. In the dosimetric analysis, particular emphasis was placed on improving the sparing of duodenum, small bowel, and kidneys. Additionally, we compared the clinical toxicities of the three plans to identify the technique that was more effective in lowering acute gi toxicity.
It is difficult to deliver higher doses to the pancreas without exceeding bowel tolerance-and especially that of duodenum, which is adjacent to the pancreatic head. An increase in the volume of duodenum receiving a low dose (10-20 Gy) was associated with a trend toward increased important late gi toxicity; moreover, acute toxicity seemed to be correlated with the volume of duodenum receiving 35 Gy or more when pcc patients received concurrent full-dose gemcitabine and rt 18 . In the present study, dose to duodenum was evaluated as V 10 , V 20 , V 35 , V 45 , V 50 , and mean dose. Compared with imrt or RapidArc, 3D-crt resulted in significantly higher V 10 and V 20 for duodenum. In the study conducted by Warren et al. 12 , V 45 and V 50 for duodenum were less with RapidArc than with 3D-crt. In our study, the V 45 was significantly higher with 3D-crt than with RapidArc (p = 0.016). In addition, the V 50 was lower with RapidArc than with the other two techniques, but the differences were nonsignificant. By contrast, the V 35 was significantly higher with 3D-crt than with RapidArc (p = 0.007). In a comparative planning study of RapidArc and imrt conducted by Eppinga et al. 19 in pcc, RapidArc was observed to modestly lower the mean dose to duodenum (p = 0.004). In our analysis, the mean dose to duodenum was similarly lower with RapidArc than with imrt (p = 0.034) or 3D-crt (p < 0.001).
The V 30 and V 45 for small bowel are thought to correlate with acute toxicity 20, 21 . A dosimetric comparison 6 in pcc found that, compared with 3D-crt, imrt significantly reduced the V 30 for small bowel and predicted a 9.36% probability of small-bowel complication (compared with the 18.9% with 3D-crt, p = 0.021). Another study 19 showed that, compared with imrt, RapidArc lowered the V 30 for small bowel. In our study, the V 30 for small bowel was significantly lower with RapidArc than with imrt (p = 0.004), but a difference between imrt and 3D-crt was not observed (p = 0.794). Poppe et al. 22 reported that imrt offered obvious improvement over 3D-crt in lowering the V 45 for small bowel. However, in our study, the V 45 was not significantly improved with either RapidArc or imrt than with 3D-crt. Clinical investigations in pcc observed that the mean dose to small bowel was lower with RapidArc than with imrt 19 or 3D-crt 9 , which is in line with our results. It must be highlighted that the separate bowel loops were not identified; instead, a surrogate "small-bowel region" was defined to represent the possible positions of the small bowel 20, 23, 24 . Our defined small-bowel volume accorded with the definitions in those studies.
Kidney-sparing was also a focus in our study. The V 20 is commonly considered to be a measure of renal tolerance. Renal scintigrams have revealed a decline in renal function within 6 months to 1 year after exposure to 20 Gy, with a reduction in function to nearly 52% of baseline at 18 months' follow-up 25 . The same study also showed a significant correlation between mean dose to kidney and progressive decline in renal function 25 . Cassady 26 proved that the V 15 is another useful threshold of renal tolerance. Sparing of the left kidney was similar in all three techniques that we evaluated. The V 15 for the right kidney was significantly less with RapidArc than with 3D-crt (p = 0.043). The V 20 and the mean dose to the right kidney were both significantly reduced with RapidArc (in comparison with 3D-crt or imrt). Those results are similar to findings reported by Vieillot et al. 9 , in which three radiotherapy modalities could offer good preservation of the left kidney, which was away from the target. While maintaining target coverage, 3D-crt and imrt allow for total preservation of the left kidney, but have a detrimental effect on the right kidney. RapidArc, a new form of imrt optimization, combines a single gantry rotation with the capability to vary dose rate, gantry speed, and dynamic multileaf collimation 27 . It can minimize the dose to both kidneys as much as possible for bilateral preservation.
Based on dosimetric comparisons in prostate, liver, and stomach tumours [28] [29] [30] , RapidArc demonstrated both a high conformal index and the advantages of ptv coverage, results that accord with our analysis. Compared with 3D-crt, RapidArc and imrt showed significant improvements in the conformal and homogeneity indices. Of the three techniques, RapidArc and imrt achieved higher V 95% and lower V 110% values than did 3D-crt. In our study, "hot spots" were almost always located at the tumour, and so the influence of hot spots was small between the three plans. Compared with the other two techniques, 3D-crt achieved the highest mean dose to the ptv, but the difference was clinically irrelevant. That finding indicates that, compared with 3D-crt, RapidArc and imrt can achieve better ptv coverage and decrease hot spots in exchange for a slightly lower mean dose to the ptv.
The 3D-crt technique had the fewest mus and the shortest delivery time. Reduction of delivery time might improve comfort on the couch for the patient, reduce the risk of interfraction movements, and minimize organ displacement. The main goal of our study was to investigate whether a technique with better oar sparing and target dose distribution could lead to less clinical toxicity. Acute toxicity involving the bowel is related to radiation-induced epithelial damage and typically manifests primarily as diarrhea; acute toxicity involving the stomach typically presents as nausea or vomiting. Yovino et al. 31 published a series of 46 patients whose pcc or ampullary cancer was treated with concurrent chemoradiation using inverse-planned imrt. In their report (Radiation Therapy Oncology Group 97-04), the incidence of grades 3 and 4 nausea and vomiting (0% vs. 11%, p = 0.024) and diarrhea (3% vs. 18%, p = 0.017) were significantly different when treatment was planned with imrt rather than with a 3D technique. The present study is one of the largest to comparatively evaluate acute gi toxicity with use of RapidArc, imrt, and 3D-crt. We confirmed that, compared with 3D-crt or imrt, RapidArc reduces the rate of grades 3 and 4 acute gi toxicity.
Radiotherapy for pcc is technically challenging. Recent technical advances have spurred an increase in the number of new treatments and marked improvements in existing treatments 5 . Advances in treatment planning techniques, such as the use of 4D-ct simulation 24 , functional imaging, and magnetic resonance imaging 32 , can also help to optimize the definition of target volumes in patients with pcc. Compared with 3D-crt and imrt, helical tomotherapy results in better sparing of most oars (mainly stomach and duodenum) 14, 33 . Stereotactic body radiation therapy has been actively investigated as an option for the delivery of radiation in pcc 34 .
The limitations of our study should also be noted. The number of cases used for the dosimetric analysis was relatively small. Also, the reported data were collected in a retrospective chart review and lack follow-up for overall survival duration.
CONCLUSIONS
RapidArc might be superior to 3D-crt or imrt for sparing of duodenum, small bowel, and right kidney. Better preservation of oars might be achieved with imrt than with 3D-crt. In lapcc, the RapidArc and imrt techniques achieve similar target dose distributions, which are both better than those achieved with the 3D-crt technique. Compared with 3D-crt or imrt, RapidArc might reduce the rate of grades 3 and 4 gi acute toxicity. A technique with better oar sparing and target dose distributions could lead to less clinical toxicity in the treatment of lapcc, but proving an optimal technique requires further prospective studies. By Fisher exact test. 3D-CRT = 3-dimensional conformal radiotherapy; IMRT = intensity-modulated radiotherapy.
